INTRODUCTION {#s0}
============

Antibiotics are fed to livestock and poultry to treat and prevent disease. Since January 2017, antibiotics deemed important to human medicine were disallowed as animal growth promoters in the United States under the regulation of the Veterinary Feed Directive (VFD) ([@B1]). Antibiotic use in both humans and animals selects for the evolution and dissemination of antibiotic resistance genes through mobile genetic elements such as phages and plasmids ([@B2]). Once they are incorporated within the genomes of human-pathogenic bacteria, these antibiotic resistance genes impede disease treatment ([@B3]). In addition to an increase in antibiotic resistance, antibiotics at subinhibitory concentrations alter bacterial physiology, including gene expression ([@B4], [@B5]), and the frequent use of antibiotics in animal agriculture has contraindicated effects on the gut microbiome, including altered microbiota composition ([@B6]), pathogen colonization susceptibility ([@B7]), co-selection for unintended antibiotic resistance genes ([@B8], [@B9]), increased abundance of mobile genetic elements ([@B10]), and increased horizontal transfer of antibiotic resistance genes via conjugation and transduction ([@B11]). These collateral effects of antibiotic use are important to consider when devising policies for improving antibiotic stewardship.

One antibiotic that has significant collateral effects on bacterial evolution is carbadox. Carbadox is a quinoxaline-di-*N*-oxide antibiotic allowed in United States swine husbandry for growth promotion and treatment and suppression of swine dysentery during weaning ([@B12]). Carbadox (at 5 ppm) is genotoxic ([@B13]) and mutagenic ([@B14]), and yet it has no analogue in human medicine so its use is not slated to be reformed by the current VFD guidelines. In addition to its mutagenic properties, *in vitro* studies have shown that a carbadox concentration below the minimal inhibitory concentration induces the SOS pathway in *Escherichia coli* and *Salmonella enterica* serovar Typhimurium ([@B15]) and kills *S*. Typhimurium by induction of prophage, followed by phage-mediated bacterial lysis rather than by direct action on bacterial physiology by the molecule ([@B16]). Phage induction, as understood in *E. coli*, occurs because of DNA damage-induced initiation of the SOS response, which begins with the expression of *recA*. RecA binds and cleaves the SOS suppressor LexA to allow expression of SOS response genes, as well as LexA-suppressed phage genes ([@B17]). Cultures of *Brachyspira hyodysenteriae* treated with carbadox showed increased expression of the *hvp38* gene (encodes a known phage major capsid protein) and the production of VSH-1 DNA and VSH-1 particles, a prophage-like gene transfer agent ([@B18]). Additionally, carbadox facilitated the generalized transduction of phage and chromosomal DNA *in vitro* ([@B16]). Carbadox-induced bacteriophage have been shown to horizontally transfer genes that can confer resistance to chloramphenicol ([@B16], [@B18]), tetracycline ([@B16]), carbenicillin ([@B16]), and tylosin ([@B18]) between bacterial strains. Unlike most antimicrobials, carbadox, mitomycin C, metronidazole, and hydrogen peroxide cause DNA damage, which causes bacterial stress responses and the induction of prophages within the bacterial genome ([@B18]). Nearly 50% of all reported bacterial genomes contain lysogenic prophage sequences ([@B19]); thus, an antibiotic that induces prophage, like carbadox, could have profound impacts on many bacterial populations within a natural bacterial community.

The goals of this study were to further define the breadth of carbadox-mediated impacts on the swine microbiome and to investigate the differential expression of bacterial gene families that may reveal global impacts on swine gut bacterial communities. Previous research has shown a carbadox-mediated increase in phage-encoded phage integrases within swine gut microbial metagenomes, which could be a proxy for prophage induction ([@B20]). The present study improves upon the previous work by sequencing viromes from individual animals and correlating them with microbial metagenomic, metatranscriptomic, and 16S rRNA gene-based bacterial diversity analyses. Here we show differential gene expression suggestive of prophage induction in the swine gut microbial metagenome 2 days following carbadox administration and additionally demonstrate effects of carbadox on bacterial metabolism and respiration.

RESULTS {#s1}
=======

Metagenomic sequencing of swine gut microbial communities. {#s1.1}
----------------------------------------------------------

To construct a single reference assembly, all of the sequence data from 47 samples (microbial metagenome, metatranscriptomes, and virome) were incorporated into one co-assembly. Although the primary sequencing target in this study was metatranscriptomic mRNA, inclusion of longer metagenomic sequences (because of the sequencing platform used) resulted in the assembly of longer contigs. Total sequencing output (metatranscriptome, 250 Gbp; microbial metagenome, 5 Gbp; virome, 1.3 Gbp) resulted in an assembly (605 Mbp) composed of 572,839 contigs, the longest of which was 125 kb, and the N50 (i.e., median) contig length was 1.5 kb. On average, 44% of the metatranscriptome and 31% of the phage sequences mapped to the composite assembly. The exclusive phage assembly (85 Mbp) was composed of 51,640 contigs, the longest of which was 227,766 bp, and the N50 contig length was 2 kb (see [Table S2](#tabS2){ref-type="supplementary-material"} in the supplemental material).

Phylogenetic and functional composition of the swine gut metatranscriptome. {#s1.2}
---------------------------------------------------------------------------

The metatranscriptomic sequences were mapped onto the composite assembly, counted, and normalized by the sequencing yield of spiked-in control RNA. The total normalized RNA counts per sample were not statistically significantly different because of treatment (*t* test, *P* \> 0.05), and variance within treatment groups was high ([Fig. 1A](#fig1){ref-type="fig"}). Phylogenetic inference of the annotated open reading frames (ORFs) showed that the phylum-level taxonomic patterns were similar between treatment groups. The phylum-level taxonomic inferences of the metatranscriptomes were not statistically significantly different (*q* \[false discovery rate\] of \>0.05) between treatment groups and over time. The metatranscriptome was dominated by *Bacteroidetes* (40 to 60% of the community) and *Firmicutes* (40%), with a minor contribution from *Spirochaetes* ([Fig. 1B](#fig1){ref-type="fig"}). There was a trend for *Bacteroidetes* transcripts to increase with carbadox treatment (*q* = 0.17). The Shannon diversity of taxonomic assignments tended to decrease with carbadox treatment ([Fig. S1](#figS1){ref-type="supplementary-material"}) and was statistically significantly decreased on day 1 (*t* test, *P* = 0.04).
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Shown are the Shannon (A) and Simpson (B) diversity indices based on the taxonomic assignment of the sequences of the metatranscriptome libraries. The asterisk indicates a statistically significant difference in Shannon diversity (*t* test, *P* \< 0.05). med, medicated; d, day. Download FIG S1, TIF file, 8 MB.
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![Total composition of microbial metatranscriptomes. (A) Average total number of transcripts obtained from each sample normalized by the number of artificial-RNA-spiked sequences obtained per sample. Error bars indicate the standard error of the six replicates of each treatment. (B, C) Relative abundance of annotated ORFs assigned to taxa (B) and SEED subsystem assignments of FIGfams (C). The Pre time point was 5 days prior to carbadox addition to feed. NM, nonmedicated; carb, carbadox; D, day.](mbo0041734090001){#fig1}

The mapped metatranscriptomic sequences were also analyzed for function by using the hierarchical classification of function by SEED subsystems. The most abundant broad functional subsystems were carbohydrates and protein metabolism, and the abundance of all of the subsystems detected was consistent between treatment groups and through the sampling time period ([Fig. 1C](#fig1){ref-type="fig"}). Fine-scale resolution of SEED subsystem functions was achieved by using FIGfam annotations, which represent isofunctional homologs. No differentially expressed FIGfams were observed in the treatment groups prior to antibiotic administration. Differential expression of FIGfams (*q* of \<0.1) peaked 2 days after the introduction of carbadox, when nearly 1,000 FIGfams were differentially expressed (730 more abundant in nonmedicated animals and 227 more abundant in carbadox-fed animals), in contrast to only 4 and 197 differentially expressed FIGfams (*q* of \<0.1) on days 1 and 7, respectively ([Fig. 2A](#fig2){ref-type="fig"}). This treatment-based divergence at the day 2 time point is reflected in the distribution of the beta diversity of the functional assignments. The nonmedicated and carbadox treatment groups clustered separately (goodness of fit *P* = 0.054, based on 10^6^ permutations) on day 2 ([Fig. 2C](#fig2){ref-type="fig"}) but not on any of the other days. The beta diversity of the FIGfam counts in the carbadox and nonmedicated control groups both shifted over the time frame of the experiment (nonmetric multidimensional scaling \[NMDS\] analysis \[Bray-Curtis diversity measure, [Fig. 2B](#fig2){ref-type="fig"}, stress = 0.16\]).

![Differential-expression analysis of ORFs annotated with the FIGfams database. (A) Total number of differentially expressed FIGfams at each time point in response to in-feed carbadox. FIGfams with higher abundance in the carbadox treatment group than in the nonmedicated group were considered carbadox (Carb) increased, while FIGfams with lower abundance in the carbadox treatment group than in the nonmedicated group were considered carbadox decreased. (B) NMDS ordination of metatranscriptome FIGfam counts. Sample shifts exhibit a time gradient, but no clear clustering because of treatment was observed. Stress for the analysis is fairly high (0.16). (C) NMDS ordination of sample FIGfam counts at day 2. An ordination of data from each day was completed separately to obtain more acceptable stress values, and only on day 2 was there a statistically significant separation of the samples by treatment (*P* \< 0.1). The stress for this ordination was 0.10. (D) Number of differentially expressed FIGfams binned by their SEED subsystem assignments. A large number of ORFs were assigned to a FIGfam but not assigned to a SEED subsystem and therefore were binned in the uncategorized group. The members of the uncategorized bin were manually inspected (see [Text S1](#textS1){ref-type="supplementary-material"}) and included in subsequent subsystem-specific summaries ([Fig. 3](#fig3){ref-type="fig"}; [Fig. S2](#figS2){ref-type="supplementary-material"}). elem, elements.](mbo0041734090002){#fig2}

Differentially expressed FIGfams were binned according to SEED subsystem (functional categories) to identify those bacterial functional systems most impacted by carbadox treatment on day 2. Interestingly, only the phages, prophages, transposable elements, and plasmids subsystem had more upregulated FIGfams than downregulated FIGfams in response to carbadox. Every other SEED subsystem was downregulated in medicated animals. The subsystems with the most downregulated FIGfams in carbadox-fed animals were carbohydrates, amino acids and derivatives, respiration, and stress response ([Fig. 2D](#fig2){ref-type="fig"}; see [Text S1](#textS1){ref-type="supplementary-material"} for more information). Principal among these was the carbohydrates subsystem ([Fig. S2A](#figS2){ref-type="supplementary-material"}). Central metabolism pathways, especially components of pyruvate metabolism and the pentose phosphate pathway, were downregulated. Coupled with the decreased expression of metabolic pathways was the decreased expression of respiration genes ([Fig. 2D](#fig2){ref-type="fig"}; see [Text S1](#textS1){ref-type="supplementary-material"} for more information). Specifically, genes involved in electron-accepting and electron-donating reactions were largely downregulated. Although these significant effects were observed in bacterial growth and metabolism, evidence of a bacterial stress response due to carbadox perturbation was limited. One day after carbadox administration, there were no differentially expressed stress response FIGfams, and 2 days following carbadox introduction, when carbadox administration manifested its greatest effect on microbial gene expression, the bacterial stress response was suppressed ([Fig. S2C](#figS2){ref-type="supplementary-material"}).
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Fold changes in FIGfam expression within the carbohydrates (A), respiration (B), and stress response and DNA repair (C) subsystems because of carbadox. FIGfams with a positive log~2~-fold change were more abundant in carbadox-treated animals, while those with a negative log~2~-fold change were more abundant in nonmedicated animals. FIGfams followed by an asterisk were manually assigned to the subsystem indicated on the basis of the FIGfam name (e.g., mannan endo-1,4-beta-mannosidase). Different-color bars indicate functional categories of FIGfams. Download FIG S2, JPG file, 0.6 MB.
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Differentially expressed SOS pathway-related sequences in the metatranscriptome on day 2. (A) ORFs that were annotated as *recA*, *lexA*, *ruvA*, *ruvB*, *uvrA*, *uvrB*, or *uvrC* were then binned according to their taxonomic assignment. Genera with an SOS pathway gene differentially expressed (*q* of \<0.10) are shown here. (B) Sequences assigned to the *recA* FIGfam were individually compared for differential expression (*q* of \<0.05). Taxonomic assignment is shown as the label. Since this analysis was performed on individual sequences, multiple sequences were assigned to the same genus. Non-med, nonmedicated. Download FIG S3, TIF file, 11.2 MB.
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Carbadox caused differential expression of phage genes. {#s1.3}
-------------------------------------------------------

Among the 957 differentially expressed FIGfams on day 2, 32 were related to phage (18 were upregulated and 14 were downregulated with carbadox) ([Fig. 3](#fig3){ref-type="fig"}). Many of these differentially expressed genes are related to the lytic phage cycle. The induction of the lytic phage cycle is a multistep pathway involving prophage gene expression, phage capsid synthesis, bacterial lysis, and phage recombinases in new bacterial lysogens. We observed gene expression shifts 2 days following carbadox exposure that indicate phage lytic cycle genes were activated within the bacterial populations of the swine gut. FIGfams were differentially expressed that could facilitate the induction of the phage lytic cycle, for example, the lysogenic cycle repressor *cro* (overexpressed 112-fold) and *ibrA*, a coactivator of prophage gene expression (overexpressed 73-fold). FIGfams specific to phage capsid synthesis were overexpressed because of carbadox, including phage capsid and scaffold proteins (enriched nearly 100-fold) and putative head-tail adapter proteins. Gene products important for phage DNA packaging were also upregulated; the nascent phage chromosome is translocated to and inserted into the phage capsid by both phage terminase and phage portal proteins, which were 52- and 91-fold enriched, respectively. The terminal steps in the phage lytic cycle include bacterial lysis and reinfection of new lysogens. Phage lysozyme was the most differentially expressed phage FIGfam (\>1,000-fold enriched with carbadox treatment) and would likely facilitate bacterial lysis. Protein families involved with phage DNA integration into the bacterial chromosome (phage integrase, prophage site-specific recombinase, and phage resolvase) were overexpressed, on average, 12-fold. Interestingly, of the phage-related FIGfams ([Fig. 3](#fig3){ref-type="fig"}) for which a taxonomy could be predicted (*n* = 18), all that were overexpressed were predicted to be encoded by diverse members of the Gram-positive phylum *Firmicutes*. Thus, this phylum might be the most strongly impacted by phage induction.

![Fold changes in phage-related FIGfam expression 2 days following carbadox administration. FIGfams with a positive log~2~-fold change were more abundant in the carbadox-treated animals, while those with a negative log~2~-fold change were more abundant in the nonmedicated animals. FIGfams followed by an asterisk were manually assigned to the phage subsystem on the basis of the FIGfam name (e.g., phage-related lysozyme). Different-color bars indicate functional categories of FIGfams.](mbo0041734090003){#fig3}

Even though the expression of most phage lytic cycle-related FIGfams was increased because of carbadox on day 2, an important set of phage-related FIGfams that mainly play a role in bacterial defense and response to phage was underexpressed. Four phage shock proteins (PSPs; bacterial stress response to invading phage \[[@B21]\]) were underexpressed (approximately 25-fold). To further understand the bacterial defense against phages, CRISPRs (clustered regularly interspaced short palindromic repeats) were investigated because they aid bacteria in the recognition and destruction of incoming phage DNA. The results showed 372 CRISPR arrays in the composite assembly. Although 14% of the spacers were validated by identical full-length matches in the virome, no differential expression of CRISPRs because of carbadox treatment was detected in the metatranscriptome. Taken together, the differentially expressed phage genes show the impact of carbadox on phages within the greater intestinal microbiota soon after carbadox exposure. Carbadox appears to induce the production of phages, and the bacterial host defense and response to bacteriophage appeared to be lowered.

Phylogenetic and functional composition of the swine virome. {#s1.4}
------------------------------------------------------------

Interestingly, in agreement with the increased expression of *Firmicutes* prophage genes from the metatranscriptome, the ORFs obtained from the virome were predominantly (60% of the virome) homologous to *Firmicutes* phage, while only 25% of the virome was homologous to *Bacteroidetes* phage ([Fig. 4](#fig4){ref-type="fig"}). *Prevotella*, the major member of the *Bacteroidetes* phylum in the swine microbiome, accounted for only about 10% of the predicted hosts of the phage sequences, which is interesting because a previous analysis of the 16S rRNA gene sequences from these samples showed that *Prevotella* bacteria composed about 50% of the bacterial community ([@B22]) and the metatranscriptome data show that they are an active population (composing 30 to 50% of the transcripts \[[Fig. S5A](#figS5){ref-type="supplementary-material"}\]), suggesting that *Prevotella* bacteria have fewer prophage in their genome or the prophage they do have might not be induced by carbadox. Other phage hosts classified at the genus level are disproportionately impacted. The virome was enriched with sequences homologous to *Clostridium* and *Bacteroides*, representing about 25% of the virome, relative to the abundance of these two genera in the metatranscriptome (15%) and 16S rRNA amplicon (1%) data sets ([@B22]).

![Total composition of viromes based on virome annotations. (A) Relative abundance of virome sequences based on putative taxonomic assignment based on the top BLASTP match by VIROME. (B) SEED subsystem functional categories of virome sequences. The Pre time point was 5 days prior to carbadox use in feed. NM, nonmedicated; Carb, carbadox; Elem, elements.](mbo0041734090004){#fig4}

Phages make up only a small but diverse subset of the bacterial pangenome. Approximately 20% of the swine gut virome encoded phage-specific functions, but the virome also contained annotations that represent broad functional potential. In fact, nearly all of the SEED subsystems from the metatranscriptome were represented in the viromes, which also suggests that a broad set of genes can be transferred via transduction. Relative to the microbial metatranscriptome, functions related to carbohydrates, respiration, stress response, and protein metabolism were underrepresented in the viromes. Functions related to DNA metabolism, nucleosides and nucleotides, and phage, prophage, transposable elements, and plasmids were overrepresented.

Antibiotic resistance genes in the virome and the metatranscriptome. {#s1.5}
--------------------------------------------------------------------

Because of the possibility of phage-mediated horizontal gene transfer between bacterial populations, a phenomenon that has been observed *in vitro* in the presence of carbadox ([@B16], [@B18]), antibiotic resistance genes included in the swine gut virome would be of particular interest. A set of genes potentially conferring resistance to multiple classes of antibiotics, as well as efflux pumps, were identified within the virome libraries ([Table S3](#tabS3){ref-type="supplementary-material"}) and the microbial metatranscriptome ([Fig. S4](#figS4){ref-type="supplementary-material"}). With the low number of sequences obtained from the viromes, no statistically significant differences in the relative abundance of antibiotic resistance in the phage sequences due to carbadox treatment were detected ([Fig. 5A](#fig5){ref-type="fig"}). Nevertheless, two interesting results were revealed by the investigation of contigs containing resistance genes, regardless of carbadox treatment. First, a resistance gene was frequently the only gene in the contig, potentially because of flanking repetitive elements or low sequence coverage impeding assembly to the larger genetic context. This is important because resistance genes could have been mobilized by mobile genetic elements to prophage islands for subsequent horizontal transfer by lytic phage induction and later invasion of new bacterial hosts. Indeed, the transcription of mobile genetic elements that could then allow the mobilization of DNA within a bacterial cell was impacted both positively and negatively by carbadox: conjugative transfer proteins TrbE and TrbG, the transposase IS*605* OrfB family, and IS*Sod11* transposase were all overexpressed with carbadox, while IS*6770* transposase, Tn*7*-like transposase TnsA, and IS*1478* transposase were downregulated. Second, of the 14 contigs that contained an antibiotic resistance gene, 1 phage contig contained multiple antibiotic resistance genes, i.e., for an aminoglycoside 6-adenylyltansferase, a streptothricin acetyltransferase, and an aminoglycoside phosphotransferase ([Fig. 5B](#fig5){ref-type="fig"}). The aminoglycoside phosphotransferase (*aph3*′) gene on this contig tended to be more abundant in carbadox-treated animals ([Fig. 5A](#fig5){ref-type="fig"}), but this difference was not statistically significant. This contig is 99% identical over 93% of its length to the pRM4661 plasmid from *Campylobacter coli* (accession no. CP007182.1), demonstrating overlap between the resistomes of phages and plasmids belonging to members of the gut microbiota.
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Counts of differentially expressed (*q* of \<0.05) antibiotic resistance genes in the metatranscriptome as annotated by Resfams. Download FIG S4, TIF file, 11.2 MB.
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Relative abundance of genus level taxa in the metatranscriptome (A) and virome (B) sequences based on putative taxonomic assignment of the top BLASTP match by VIROME. The first nine genera are color matched in both panels A and B. (C) NMDS ordination of the virome based on taxonomic assignments. NM, nonmedicated; Carb, carbadox; D, day. Download FIG S5, TIF file, 8 MB.
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![Antibiotic resistance genes observed in virome sequences. (A) Counts of antibiotic resistance genes as annotated by Resfams. Entries with identical labels indicate different genes that belong to the same resistance gene family, as defined by Resfams. Antibiotic resistance gene counts are shown to demonstrate their abundance in the virome, but there were no statistically significant differences in the abundance of resistance genes in time-matched samples. The Pre time point was 5 days prior to carbadox use in feed. NM, nonmedicated; Carb, carbadox; D, day. (B) ORF map of one phage contig (Contig07590) containing three aminoglycoside resistance genes and its alignment with the pRM4661 plasmid from *C. coli* (NCBI GenBank accession number CP007182.1). Contig 07590 was 99% identical to the nucleotide sequence of the pRM4661 plasmid over 93% of its length. ABC, ATP-binding cassette transporters; ClassA, class A beta lactamase.](mbo0041734090005){#fig5}

In the metatranscriptome, the expression of most resistance genes was decreased with carbadox administration; however, four genes enriched by carbadox administration were those for an aminoglycoside acetyltransferase (*aac3*) (20-fold enriched), a class A beta-lactamase (10-fold enriched), and two ATP-binding cassette (ABC) efflux pumps (each about 10-fold enriched). Resistance to carbadox has been defined to be gained by an efflux pump, encoded by *oqxAB* ([@B23]), but these genes were not detected in our data set. Our results show two ABC efflux pumps with increased expression, while genes conferring resistance to other antibiotics are generally underexpressed ([Fig. S4](#figS4){ref-type="supplementary-material"}).

FIGfams differentially expressed on days 1 and 7. {#s1.6}
-------------------------------------------------

Because of the distinct shift in gene expression 2 days following carbadox introduction, we investigated whether any related shifts were observed on days 1 and 7 to estimate the time frame of the disturbance. On day 1, only four FIGfams were differentially expressed (all upregulated) and two were phage proteins ([Fig. S6A](#figS6){ref-type="supplementary-material"}). On day 7, 147 FIGfams were differentially expressed; 7 of these were phage-related FIGfams, and 5 were downregulated (three structural proteins and two nucleic acid polymerases), while 2 were upregulated ([Fig. S6B](#figS6){ref-type="supplementary-material"}). Additionally, FIGfams related to carbohydrate, respiration, and amino acid subsystems were mostly downregulated, as they were on day 2 but to a lesser extent on day 7 ([Fig. S6C](#figS6){ref-type="supplementary-material"}). Again, FIGfams related to pyruvate and acetoin metabolism, cytochromes, and hydrogenases were downregulated as they were on day 2. These results are a stark contrast to the nearly 1,000 genes that are differentially expressed at day 2, illustrating the temporal dynamics of the effect of continuous in-feed carbadox on the gut microbiota.
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Differentially expressed FIGfams on days 1 and 7 following carbadox (Carb) administration in feed. (A) Fold changes in all differentially expressed FIGfams (*n* = 4) on day 1 following carbadox addition to feed. There were no FIGfams with higher expression in nonmedicated animals than in carbadox-feed animals. (B) Differentially expressed FIGfams assigned to the phage subsystem. As opposed to the differential expression of phage-related FIGfams on day 2, most of these FIGfams are underexpressed with carbadox. (C) Number of differentially expressed FIGfams binned by their SEED subsystem assignments. FIGfam and SEED annotations were done indepentantly. Download FIG S6, JPG file, 0.3 MB.
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DISCUSSION {#s2}
==========

We investigated the effects of an in-feed antibiotic, carbadox, on phage communities and bacterial gene expression within the swine gut. In the United States, the VFD ([@B1]), effective January 2017, does not regulate carbadox because it has no analogue in human medicine; however, carbadox is under consideration for withdrawal from use in the United States because of a joint recommendation by the FAO/WHO Food Standards Programme ([@B24]) because of its potential mutagenic properties. Although the future use of carbadox in agriculture is uncertain, we show that a collateral effect of the feed additive carbadox is upregulation of genes related to all stages of the phage lytic cycle during the same perturbation time frame in which shifts in bacterial composition were also observed. Induction of the phage lytic cycle could alter bacterial community composition on the basis of the prophage content ([@B19]) and stability ([@B25]) of specific bacterial and phage populations and might facilitate antibiotic resistance gene transfer by transduction.

When considering all of the effects of carbadox, the genes that were overexpressed show that a multistep induction of the phage lytic cycle is one possible response. The phage lytic cycle was the only functional pathway that showed an overall increase in gene expression with carbadox treatment. This induction pathway is initiated by selective overexpression of phage genes and repression of bacterial genes. Differentially expressed genes in the swine gut microbial metagenome play a role in lytic phage gene replication and expression, i.e., *cro* ([@B26]), phage antirepressor genes ([@B27]), and the thioredoxin gene ([@B28]). After phage genes are expressed and transcribed, bacteriophage assembly ([@B29]) is initiated. Genes enriched under carbadox treatment play a role in phage assembly; the phage capsid and phage head-tail adaptor would aid in initiating phage construction, and DNA packaging into the capsid ([@B30]) would be aided by both phage terminase and portal proteins ([@B31]). Phage assembly is completed by phage tail assembly. In our data set, on day 2, expression of genes encoding phage tail proteins was enriched while expression of phage tail assembly proteins was decreased with carbadox. Genes involved in lysogen invasion and phage DNA recombination, the terminal step of the phage lytic cycle, were also enriched in our data set, including phage lysozyme (bacterial lysis \[[@B32]\]), phage integrase and prophage site-specific recombinase (DNA recombination in new bacterial hosts), and phage resolvase (resolves Holliday junctions during phage recombination \[[@B33]\]). A previous study measured an increase in DNA encoding phage integrase in the swine gut microbial metagenome ([@B20]). By interrogating the metatranscriptome, we observed a more detailed impact of carbadox on prophage with the overexpression of many lytic cycle genes in the swine gut microbiome.

Others have shown transcriptomic changes during prophage induction *in vitro* with single strains that support our findings. Hare et al. observed many genes with differential expression in *Acinetobacter baumannii* ATCC 17978 and *Acinetobacter baylyi* ADP1 because of prophage induction by mitomycin C. A subset of those genes overlaps the differentially expressed genes in our data set, i.e., *cro* and genes for a putative helicase, a major capsid protein, a head-tail adapter protein, a phage terminase, phage tail proteins, and a phage-related lysozyme ([@B34]). A second study examined gene expression throughout the phage infection process of *Yersinia enterocolitica* by φR1-37. In that model, the investigators showed that PSPs were overexpressed late in the infection process ([@B35]), which contrasts with their underexpression in our data set. However, the only perturbation in the study by Leskinen et al. was the addition of viral particles, which is sufficient to induce a PSP response ([@B36]). Although the cause for the suppression of the *psp* operon in the presence of carbadox is unknown, the downregulation is potentially due to general growth inhibition by carbadox, the timing of our samples capturing the early rather than the late lytic cycle, or an energy conservation strategy of the bacterial community since other stress response pathways are also underexpressed.

An important aspect of phage induction is the potential for transduction, which is phage-mediated gene transfer. Antibiotic resistance genes, including genes that confer resistance to tetracycline, beta-lactams, and aminoglycosides (as well as efflux pumps), were located in the swine gut virome, as well as one set of colocalized antibiotic resistance genes. By inducing phages and their subsequent infection of new bacterial hosts, phage genes (including antibiotic resistance genes) could be transferred to the bacterial metagenome, and this has been shown to occur *in vitro* ([@B16], [@B18]). Even though these resistance genes are not relatively more abundant in carbadox-fed swine gut viromes (determination of absolute abundance was not attempted), an increase in phage transduction promotes the exchange of bacterial and phage DNA, including antibiotic resistance genes, which is detrimental at any frequency ([@B16], [@B18]). The risk of horizontal transfer of an antibiotic resistance gene between bacterial populations is greatly amplified if it is carried by any mobile genetic element ([@B37]), including a bacteriophage.

Recently, Enault et al. cautioned that phages rarely contain antibiotic resistance genes ([@B38]) and that prediction of antibiotic resistance genes in sequenced viromes may overestimate their abundance. In known phage genomes, they identified two true antibiotic resistance genes among 121,506 viral proteins (0.0016%). We have predicted antibiotic resistance genes at a marginally higher rate (14/141,701 ORFs \[0.010%\] in the virome assembly). We predicted antibiotic resistance genes by using the Resfams database, which was shown to be relatively stringent in assigning antibiotic resistance genes and accurately predicted the number of viral antibiotic resistance genes in fecal material ([@B38]). In addition, there is a precedent for antibiotic resistance genes to be present in the virome, especially considering that carbadox is known to induce the generalized transduction of antibiotic resistance genes ([@B16]). Finally, CsCl gradients were used to purify viral particles from each sample, and this method produces more purified viral particles than other methods ([@B39]). These protocols reduce the possibility that antibiotic resistance genes from nonviral DNA sources contaminated our virome libraries. Thus, it is likely that these antibiotic resistance genes were packaged within viral particles.

By 16S rRNA gene sequence analysis of the samples used in the present study, *Prevotella* was shown to maintain the same population size both before and 1 week after carbadox administration, concurrent with a decrease in the total bacterial community size ([@B22]). This stability of the *Prevotella* population does not appear to be due to a lack of prophages. A study by Touchon et al. showed an average prophage content of 1.25 per *Prevotella* genome ([@B19]). However, relatively few of our virome sequences were homologous to *Prevotella* phage. This could be in part because host assignment of phages based on the taxonomy of homologous sequences lacks precision. Preliminarily, prophage induction seems to depend on prophage instability ([@B25]) in the presence of carbadox, but further analysis of phages within a taxonomic group of interest is required.

In bacteria, the best-understood pathway of prophage induction is DNA damage-mediated induction of the SOS response, which is manifested by increased expression of *recA*. RecA binds to and removes the repressor *lexA* from SOS pathway genes, as well as phage genes ([@B17]). Because carbadox causes DNA damage, we would expect that genes related to DNA repair and stress response would show increased transcription in samples from carbadox-fed pigs. The lack of change in the SOS response or even an oxidative stress response with carbadox treatment that we observed in our data set has many potential explanations. Although an SOS response to DNA damage is a canonical response in *E. coli* ([@B17], [@B40]), it appears that the SOS response to DNA damage is subtle, varied, and time dependent between species. *In vitro* experiments show that *recA* is induced only 5- to 10-fold in both *E. coli* ([@B41], [@B42]) and *Acinetobacter* ([@B34]) species. Furthermore, expression of SOS pathway genes is not uniformly induced, even in closely related species ([@B43]), and the SOS response is rapid, with maximal RecA production shown to occur within 90 min of exposure to mitomycin C ([@B44]). It is therefore possible that our sample collection was too late (24 h) and the complex bacterial community was too heterogeneous (the stratified gut environment) to capture a general bacterial SOS response to carbadox. It is also possible that some phage are induced in the absence of an SOS response; one such induction mechanism is phage antirepressors ([@B27]), which were moderately overexpressed because of carbadox in our data set. Despite varied SOS responses to DNA damage in multiple experiments, prophage induction seems to be a longer sustained response to DNA damage ([@B17]) among many taxa ([@B18], [@B35], [@B45][@B46][@B47]).

No previous metatranscriptome experiments have been conducted in the presence of carbadox; however, microbial metatranscriptomes have been reported twice in swine. Poroyko et al. sequenced cecal metatranscriptomes from four formula-fed and four sow-fed piglets that were 21 days old. Functional gene transcription was very similar in the two treatment groups. Non-rRNA transcripts (a total of 139,114) related to carbohydrate, protein metabolism, stress response, and amino acids were the most abundant SEED subsystems detected in their study ([@B48]). A second study included six proximal-colon swine metatranscriptomes (a total of 20,087,837 sequences), but the researchers only considered antibiotic resistance and secondary metabolism genes in their analysis ([@B49]). The work in our study represents the most extensive swine metatranscriptome sequencing effort to date, in terms of both the number of animal samples (*n* = 47) and the total number of sequences (1.8 billion). It was this sequencing effort that allowed us to uncover the induction of prophage since these are a minor portion of the bacterial metatranscriptome.

In our data set, metabolism and respiration genes were underexpressed, suggesting that the metabolic state of the microbiota was significantly affected by carbadox and the ability of the microbiota to use carbon sources and their subsequent energy production were hampered. Antibiotics have been shown to alter the metabolic state of bacteria ([@B50], [@B51]). Bacteriostatic antibiotics have been shown to slow bacterial respiration, but bactericidal antibiotics increase bacterial respiration ([@B52], [@B53]). Although carbadox is a bactericidal antibiotic ([@B54]) (likely because of phage-mediated lysis), its effects on bacterial metabolism resemble those of a bacteriostatic antibiotic; carbadox induced significant downregulation of pathways related to cell growth and division (i.e., cell wall and capsule, regulation and cell signaling, and RNA metabolism) and potential energy-yielding pathways (i.e., carbohydrates, respiration, amino acid metabolism, protein metabolism, DNA metabolism, and metabolism of aromatic compounds). These shifts probably occurred because of a combination of carbadox-induced changes in metabolic pathway gene expression and bacteriostatic and bactericidal effects on both aerobic and anaerobic populations. These perturbations occur on the same day as population shifts observed in the 16S rRNA gene sequence data ([@B22]) and in the phage induction pathways. The perturbation is further manifested by downregulation of central cellular processes, amino acid cycling, RNA metabolism, and cofactor biosynthesis. This abrupt microbiome perturbation eventually establishes a new stable state by 1 week after antibiotic introduction. These perturbations may result in excess high-energy metabolites (as has been observed under other conditions \[[@B55]\]) (i.e., pyruvate, amino acids, nucleotides) in the intestinal lumen, which may supply energy to the host. In the future, it will be critical to study the metabolite composition of the gut because of dietary perturbations to enable a causative connection between the microbiota and the host response and an antibiotic's mechanism as an animal growth-promoting feed additive.

Conclusions. {#s2.1}
------------

This study shows that in-feed carbadox promoted the expression of prophage genes relevant to all steps of the phage lytic cycle. Phage DNA obtained from the same fecal samples contained antibiotic resistance genes and, in one case, multiple antibiotic resistance genes in series. None of these resistance genes are known to confer resistance to carbadox; thus, phages may mobilize genes that confer resistance to a suite of antibiotics beyond those administered to swine in the present study. Bacterial phage response and defense genes are underexpressed with carbadox, while phage integrase genes are overexpressed, indicating that transduction is an avenue of horizontal gene transfer that is likely made more active in the swine gut by the use of therapeutic doses of carbadox. Although the relative abundance of most antibiotic resistance genes was not enriched in the viromes of animals that received carbadox, we expect greater mobilization of genetic material in animals receiving carbadox because of the increase in the expression of lytic phage genes. Thus, phage-mediated effects on the microbiome are important collateral effects of antibiotics. In future studies, phage and prophage DNA in bacterial communities should be sequenced to determine the identities of the genes transferred, the phage host range, and the impact of lytic phage on the composition of the bacterial community.

MATERIALS AND METHODS {#s3}
=====================

Sample collection. {#s3.1}
------------------

DNA and RNA were extracted from fecal samples from piglets (*n* = 12) from two sows that were divided into two treatment groups (nonamended feed or 50 g of carbadox/ton of feed) as described in a previous publication describing the analysis of 16S rRNA gene sequences from these samples ([@B22]). Briefly, microbial metatranscriptome and metagenome libraries were made from samples collected 5 days prior to and 1, 2, and 7 days following carbadox initiation in feed, while virome libraries were made for samples collected 5 days prior to and 2 and 7 days following carbadox initiation in feed. One animal could not be sampled at the day 1 time point, so there were 47 samples for metatranscriptome and metagenome libraries and 36 samples for virome libraries. Prior to nucleic acid extraction, the fecal material was spiked with artificial RNA (a 1,008-bp RNA fragment purified from SmaI digestion of expression products from pGEMEx-1; 250 mg of feces spiked with 17 ng \[4.1 × 10^10^ copies\] of RNA as described previously \[[@B56]\]) to allow normalization of transcript counts by grams of fecal material. Metatranscriptome and microbial metagenome libraries were prepared by extraction of RNA and DNA from a single tube of fecal material with the PowerMag Microbiome RNA/DNA isolation kit in accordance with the manufacturer's instructions for RNA and DNA isolation (Mo Bio Laboratories, Inc., Solana Beach, CA). rRNA was removed with the Metabacteria Ribo-Zero kit (Illumina). RNA was converted to cDNA, and sequencing libraries were constructed with the TruSeq RNA kit V2 (Illumina). Double-stranded DNA virions were isolated by CsCl gradient ultracentrifugation size selection, followed by DNase treatment to eliminate exogenous DNA prior to virion lysis as described previously ([@B20]) and on the basis of previously published protocols ([@B57]) (see [Text S1](#textS1){ref-type="supplementary-material"} for a detailed protocol description) to create virome libraries.

Sequencing and quality filtering. {#s3.2}
---------------------------------

Microbial community RNA was sequenced with Illumina HiSeq2000 (1 × 100 bp; Iowa State University, Ames, IA) in two eight-lane flow cells in accordance with the manufacturer's instructions. Microbial community DNA was sequenced on a Roche GS-FLX instrument with two FLX plus chemistry (454 Life Sciences) plates, and phage DNA was sequenced on a Roche GS-FLX instrument with one titanium chemistry plate. The microbial metatranscriptome, microbial metagenome, and virome were all used to form a composite assembly, and an assembly of the phage sequences alone was also completed. ORFs in contigs were predicted, sequences were mapped to ORFs and counted ([Table S1](#tabS1){ref-type="supplementary-material"}), and ORFs were annotated by using the FIGfams and SEED subsystems databases ([@B58]), as well as the Resfams ([@B59]) and minCED ([@B60]) tools. The viral sequences were uploaded to VIROME ([@B61]) for annotation. Sequence analysis is described in more detail in [Text S1](#textS1){ref-type="supplementary-material"}.
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Statistics. {#s3.3}
-----------

To normalize between samples, an artificial RNA fragment was used to spike the fecal samples and sequenced with the microbial community metatranscriptome. Raw counts of the known spiked-in RNA in each sample were determined by aligning the raw read data with the known spiked-in gene reference sequence by using GSNAP. RNA count tables were multiplied by the median raw counts of spiked-in RNA in all of the samples divided by the spiked-in RNA counts of individual samples to normalize the counts to the weight of the original fecal samples. Statistics were all completed with counts normalized to spiked-in RNA counts. QuasiSeq v. 1.0-8, an R bioconductor package, was used to compare samples treated with carbadox-treated and untreated samples. The statistical model used normalized read counts as the dependent variable. A negative binomial distribution of read count data was assumed. A spline correction was implemented within QuasiSeq to account for some of the overdispersion in the count data. Multiple-testing correction was completed by using a false discovery rate correction, the output of which is a *q* value ([@B62]). NMDS with Bray-Curtis diversity as the measure of beta diversity was performed in R with the vegan package (version 2.3-5) ([@B63]). Phage counts were subsampled to an even depth (4,788 sequences), and comparisons were of relative abundance.

Accession number(s). {#s3.4}
--------------------

The sequence data obtained in this study have been deposited in the NCBI Sequence Read Archive under accession numbers SRX2664029 to SRX2664164 in association with BioProject [PRJNA237795](https://www.ncbi.nlm.nih.gov/bioproject/PRJNA237795).
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